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ABSTRACT

The present report gives a detailed descniption of Progrum
CABUOY. which analyzes in the time domain the two dimen-
sicnal dynamic behavior of general ocean cable systems consisting
of a surface buoy, connecting cable, und mtermediate bodies.
The equations wkich model the motions of the surface waves
and the various components of the cable system sire presented.
and the subroutines of the program are briefly outlined.
Instructions on use of the program include a inting of the input
RiAD stutements, defimtions of the input vanables, and a
mrber of comments on the entering of nput data. Several
sampie problems are given to illustrate use of the program, the
output o! the program. and computer costs lor a rangs of cuses.
The listing of the :.oeram is given in the appendix.

ADMINISTRATIVE INFORMATION

The work described in this report was authorized by the Naval Air Devclopment Center
under Project Orders 4-0601 and 0-0611 respectively dated S March 1974 and 13 February
1976. The work was performed undes mternal Work Units 1-1552-120 and 1-1552-148.

INTRODUCTION

The dynamic motion characieristics of cabls systems are currently of extreme interest.

and several major surveys of cable dynamics studies have been made in secent vears !4

An ocean cable system generally consists of the following three components:

- A ship or surface float at the upper end.

-—

2. A cable whose properties may vary aleag its lenath,
3. Intermediate bodies along the cable. including the possibility of 4 body at the lower end,
Previous studies have usually focused on only one of the sbove components. For example,

the principal emphasic i many studies is on the dynamic charactenstics of the cabic itselt.

"Dillon. D.B.. “An Inventcry of Current Mathematical Models of Scientific Data - Gathening Moors.”
Hydrospace-Challenger, Inc. TR 4450 00Ct (Feb 1973).
A complete list of references is gven on pages 61-63.

IChoo. Y.1. and M.J. Casarelia, “A Survey of Anaiytical Methuds for Dynamic Simulation of Cable-Body
Systems.” Journal of Hydronautics, Vol. 7, No. 4, pp. 137144 (Oct 1973).

YAlbertsen, N.D., “A Survey of Techniques for the Anslysis and Design of Submerged Moonng Systems."
Civil Fagineening Laboratory Techmcal Repurt R-815 (Aug 1974).
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Conditions at the ends of the cable are then either those of prescribed motions or simple
representations of the surface buoy or lower body. It appears that such studies were carried
out mainly to demonstrate the feasibility of a particular method of solving for the dynamic
characteristics of the cable. Choo and Casarella? discuss the merits and drawbacks of the
three principal analytical methods: linearized frequency-domain method. method of
characteristics, and finite element method. In other studies, the principal emphasis is un the
dynamic characteristics of the surface buoy or the lower body and the effect of the cable is
then approximated in various ways It is clear that these studies are suitable only for
analyzing particular types of cable systems, also. only the dynamic characteristics of certain
components are accurately described.

The present report gives details on Program CABUQY. which analyzes in the time domain
the two-dimensional dynamic behavior of all three components of a general cable system.
This program has already been briefly described.* Although it was developed principally to
analyze the dynamic behavior of sonobuoy systems, for which it is of interest to know the
dynamic behavior of the surface buoy, connecting cable, and lower acoustic detection units,
the great generality az:d versatility of the program make it usefu) for a wide vanety of other
cable systems.

The report first presents in detail the equations which form the basis of the program.
These include equations for the steady-state cable configuration and for the dynamic motions
of the surface waves. surface buoy, cable, and intermediate bodies. Each of the program
subroutines is triefly described. Detailed input instructions include a listing of the input
FORTRAN READ statcments, definition of the input variables contained in these READ
statements, and comments on the entry of input data. Several sample problems serve to
i:lustrate program use, output, and computer costs. The program is listed in the appendix.

Both the input instructions and the sample problems illustrate the wide applicability of
the program. The sample problems range from a parametric study of the accuracy and
cvomputer cost of vanious finite elcment representations of the cable to the analysis of 4
compiete buoy-cable-body system moored in the presence of typical ocean waves and current
profiles. The characteristics of each component of the ocean surface waves may be wecitied
by the user or may be internally generated by the program by means of the Prermon-Moskowitz
spectrum. The surface buoy at the top of the cable may have u relatively wide range of sizes
and shapes. 1t may be a prolate or oblate spheroid of any aspect ratio provided its honizontal

‘Wang, H.T., “Preliminary Report on a Fortran IV Compu’er Program for the Two-Dhmenstonal Dynamuc
Behavior of General Ocezn Cable Systems,” DTNSRDC Departmental Report SPD-633-01 (Aug 1975).
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length is small compared to the wavelengths of the significant ocean waves, or it may be a
spar buoy of any size. The reasons for these particular choices of buoy shapes and sizes are
given in the section on surface buoys. Alternatively, motions may be prescribed at the upper
end. The user determines the accuracy and computer cost of the dynamic analysis of the
cable by specifying the total number of cable segments as well as the length of each segment.
Several different formulations are given for the added masses and drag coefficients of the

intermediate bodies.

STEADY-STATE CALCULATIONS
CABLE EQUATIONS

The progrzm first calculates the configuration of the cable system in the presence of a
steadv-state current® alone, in the absence of any time-dependent excitations. The differential
equations for the steady-state configuration of the cable are well known and take the following

form for the coordinate system shown in Figure |; for example. see Springston.®

CABLE
c INITIAL POINT

< -l

Figure | — Definition of Coordinate System

*The term current 1s used to denote the steady-state fluid velocity relative to the cable. For the case of a
cable towed 1n still water, the current has magnitude equal to and direction opposite to the towing velocity.

s Springston, G.B. Jr.. “Generalized Hydrodynamic Loading Functions for Bare and Faired Cables in Two-
Dimensional Steady-State Catle Configurations,” NSRDC Report 7424 (Jun 1967).




-T99-+!+sin¢w=0 ')
dso

:' g—T-+G+cos¢W=0 (2)

3 SQ

ds
as,

l +e€ (3)

g_x__ (1 +e€)sin ¢ t4)
dso
gy
ds0

(1 +€)cos ¢ (5)

where T = cable tension

¢ = angle of the cable segment with the vartical {see Figure 1)
s, = reference cable iength (when T = T ) measured from the mitial point
T, = reference tension

I.G = normal and tangential drag forces. respectively. per unit length acting on
the caole

W = weight in fluid per unit length of the cable

s = stretched caule length measured from the mitial point
€ = cablestrain; € =0t T=T

x = horizontal displacement, positive to the nght

v = vertical displacement. positive downward

For smooth, approximately round cables, the normal and tangential drags may be taken

as respectively proportional to the squares of the velocities normal and tangential to the cable®

| .
l—-_;p(ndtnicnl (6)
-~ l -
G—Spercth't’ )
where P = fluid density

(- (¢ = normal and tangential drag coefficients respectively
d = cable diameter
y = component of the current normal to the cable = ¢ cos ¢
¢ = component of the current tangential to the cable = - sin ¢
¢ = magnitude of the current, taken to act only in the x-direction

3
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The tensionsstrain function is assumed to be of the form®

T-T. . =C, e - (8

where ; = vonstant of elastiaty: €, = AE for a linearly elastic cable

= cross-sectional area = 7d2/4 for a round cable

mo» A
]

modulus of elasticity

C, = an exponent: , = | for a linearly elustic cable

Equation (8) enables 3 nonlinear tensien-strain relation to be modeled by only two input
variables. ('l and C,. It is more convenient to express € as a function of (T - T, ) 1n order to

chminate it in Equations (3) through (5;:

1C,

T-T
e=< - 0') (9)
(1

INTERMEDIATE BODIES

It i~ assumed that conditions at the top of the cable are known and the integration of
Equations (1Y through (5) proceeds down the cable. At an intermediate body. the integraiion
must be interrupted and the unknown cable variables T and ¢, below the body must be
refated to the known vanabies Ty and Py above the body. Reducing ine three-dimensional
cquations contained in References 7 and R to the present two-dimensional case results in the

following two equations for T and ¢:

T, = \:[(\inék?k 4-1).,‘)2 + (=08 O T.“ +W8)3 (I
sin 9y, T,r + Dx

= tan-!
0y = tan cong T, +W,

tih

where Do the drag on the body and

“Thresher, R.W. and J.H. Nath, “Anchor-Las: Deployiment Procedure for Moonng.” Oregon Statc
University Report 735 (Jun 1973).

7Wang. H.T., “Effect of Nonplanar Cusrent Profiles on the Configuration of Moored Cabie Systems,”
NSRDC Report 3692 (Oct 1971).

R\»\’ang. H.T.. “A FORTRAN IV Program for the Three-Dimenstonal Steady-State Configuration of
Extensible Flexible Cable Systems.” NSRDC Report 4384 (Sep 1974).
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Here abso, ¢ A is the drag area of the body for flow in the n-direction and \\'B s the weight

D
of the bod n flud.

BOUNDARY CONDITIONS
Initial Value Cases

The integration of the above differential equations is most comvenient when the tension
T and the angle ¢ are known at one end of the cable  These are known Tor certmn cases of
single-point moored cables and towing wables For the moored cases, the program starts with
the known conditions at the top of the cable and integrates the fnve differential cquations
until the jower end of the cable v reached. This is the simplest case tor the program since
the numbenng of the cable segments and intermediate bodies starts at the top of the cable
For towtng cable cimes, where the conditions are known at the lower towed body . the program
integrates the differential equations twice. They are fint integrated from the towed bady to
the upper point, thus fining the conditions at this peint. Then, in order o contorm to the
numbernng system which s used tor the dynamic calculations, the equations are integrated

on-e again from the upper point down te the lower towee hody.

Boundary Value Cases

In many apphcations the values of T and ¢ are not known a priorr at any pont along
the cable. It s pocessany to treat these cases s boundary value problems and use steration
techmiques to optain the solution. The present program contains the deration schemes for
two cases of particitar imterest for orobuoy systems o cable ot given lengit moored in a
given ocean depth? and 4 tree-tloating cable v stem.’ The steration subroutine s wntten so

that the user may ceavemently impt, ment irération schemes for other apphicaisons.,

“Wang, HT and B.L. Webster. “Current Protilzs Which Give Rise to Nonuniqu: Solutions of Moored
Cable Systems.” Paper OTC 1538, Fourth Annual Otishere Technology Conference, Houston, Teaas
(May 197D,

“'W:ng. H.T and T.L. Moran, “Analysis ot the Two-Dimensional Steady-State Behavior of | atensible
Free-Floating Cable Sastems.” NSRDC Report 3721 (Oct 1971)

O




OCEAN SURFACE WAVES

DESCRIPTION OF MOTION

R R IR T YTy “w
.-

For ocean depths greater than one-half the wavelength.'! the water particle trajectones

. . . . - - A
duc to a single progressive wave are. according to linearized fimt-order theory. given by!!-!°

] X, =4, € XY cos(kx -0t +0 3
4 Yo = iy e kY gin(kx - ot + 0“_) tiih)
3 where Xy Y, = water particle displacements in the (x,y) directions, respectively

a,, = wave amplitude
E k = wave rumber = 2x/\

A = wavelength

o = circular frequency = \/ 2ag/A = 2xf

f = frequency

t = time

g = gravity constant = 32.2 ft/sec? (9.81 m sec”)

0, = phase angle

It is of interest to note that the trajectories describe circular orints with a radius which decays
exponentially with depth.

For an irregular sca consisting of N distinct components, the resultant water particle
displacements are obtained by a summation of the above expressions, resulting in

y
1 ~OVC .
goa(kix—o‘li»o ) 14

o
£
)
p
L
&
z
(]

ky
v ——2 a e Vosin(kx-ot+0 ) t1dh
i=1

Differentiations with respect to time yield the following results for water particle velocities

and accelerations

" Lamb, H.. “Hydrodynamics.” Sixth Edition, Dover Publicaticns, New York (1945), pp. 363-370,
pp. 152-155.

V2Wehausen, J.V. and E.V. Laitone. “Surface Waves.” in “Handbuch der Physih.” Vol 9, Springer Verlag.
Berlin (1960). pp. 446-778.




N
-k
i_=20;u . e 'ysin(kix-—oit+0wi) (153)

W 1wl
i=1
N Ky

Y = 2 o a,;¢ ' cos (k;x - ot +0_.) (15H)
1=1
N Ky

-‘-w = 2 'Glz u“,ie ! COS(le-Oll +8\Vl, :Ibd‘
i=1

. . > ‘k,y .

Yo = Z o] a,. ¢ sin (kX - ot +0wi) (16b)
i=1

CHOICE OF COMPONENTS

The computer program allows the user two options for describing an irregular sea. He
may specify the values of Noug .0,  and 8 or he may use an eneigy spectrum Sgto) to

define the wave amphitudes
dyi = Vv S¢to,) Ao (I

where o “o,_, tac

1 t
- N
A0 = (o, - 0¢)'N
0, = upper limt of the significant range of o'
oy = lower limit of the significant range of o's

The program uses the Pierson-Moskowitz energy sea spectrum of the form

A 4
Sslol=—c‘B/° (18)
5
o
where A = 0.0081 g7 and B = 33.56 hf,,. Here h,,; is the significant wave heignt. the average
of the one-third highest peak-to-trough heights.  As reported by Frank znd Safvesen.?? the
L1th International Towing Tank Conference (Tokyo) (1966) recommeaded the spectrum in

this form for computations when information s not available on typical sea spectra.

*Frank. W.and N. Salvesen. “The Frank Close-Fit Ship-Motion Computer Program.”™ NSRIDC Report
3289 (Jun 1970).
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Other forms for Ss(o) can, of course, be conveniently programmed. Values for hy; 0,.and
oy fer State 0 to 9 seas may be found in Table 1 of Reference 13, The program sets the

values of §_ 1o be eveniy spaced from 8., to 360-0_ . degrees.

PRESCRIBED SURFACE MOTIONS

The program allows the user either to prescribe the motion at the surface or to describe
it by means of ditferential equations ot motion for a surface buoy

If the surface buoy or ship is sufficiently large that its motions are not appreciably
affected by the presence of ihe cable. these motions may be calculated separately and used as
input for the present program. Several programs are available to caleulate the pitch and heave
motion responses of surface ships, for example, the Frank Close-Fit Ship Motion Computer
Program.'?  This approach is also valid for laboratory simulations of cable dynamics where
the motions at the upper end of the cable are often prescnibed. A third arca of application
could be a full-scale trial where the motions of the surface ship or platform can be readily
measured.

The program considers the prescnibed motion of the end of the cable as composed of a

series of sinusoidal components in the horizontal and vertical directions

N
= 4. - uf 9
Xg E J\‘LO.\‘ _nl!l'rl)s') (1N
1=1
N
, = . . PR P h)
’S'E g, = 2E0E 40, (20)
i=1

horizontal and veitical components of the surface motiosi. respectively

i

where X - ¥

a4y, = amplitudes for the 1th component of v and y. respectnely

f,- 0,

frequency and phase angle for the ith component. respectively

[ so desired. other forms for the presenibed motion may be comemently added to the

program. c¢.g.. other functions of time such as powers of t or exponentials

9




SURFACE BUOY EQUATIONS
GENERAL CONSIDERATIUNS

It is well known that the added miss and damping coefficients of sucface buoys are, in
general. functions of the frequency of the oscillation.!® '3 In the time domain, this requires
the solution of integrodifferential equations which contain convelution integrals. Alternatively,
if the frequency-dependent coefficients can be expressed as simple polynomials of \he frequency,
the integrodifferential equations may be replaced by a set of higher order differential
equations.’ In either case, the solutions are complex and/jor time-consuming in the time
domain. Thus, surface buoy motions have usually heen solved n the frequency domain. In
this approach, the steady-state harmonic response is obtained for each frequency component
of the exciting surface waves. The total response to the sum of the individual wave compo-
nents is then obtained by linear superposition. Experiments have shown that this procedure
generally yields satisfactory results for pitch and heave motions of surface ships.

Because of diificulties in solving buoy equations in the time domain, the frequency
domain approach has also been used to study the motion of cable-buoy systems. Perhaps the
most comprehensive of these sindgies is the Goodiran et al. computer program'¢ which
considen four different buoy shapes. In addition to facilitating the solution for general buoy
shapes. the frequency domain approach has the additional advantages of immediately giving
the steady-state harmonic response (no need to wait for the transient response to die down)
anag of reducing the computer time required to obtain cable motions.!” However, the draw-
backs to this approach include neglect of all nonlinearities and the assumption that all the
dynamic response variables are small compared to their steady-state values. This approach
would not be able to predict. for example. the large dynamic snap loads which occur when
the cable goes slack.

In view of the above drawbacks and alse in view of the existence of the comprehensive

frequency-domain computer program described in Goodman et al..'® it was decided to use a

1471ck. 1.J.. “Differentual Fquations with Frequency-Dependent Coefficients,” Journal of Ship Research,
Vol. 3, No. 2, pp. 45-46 (Oct 1959).

1 Ogilvie. T.F., “Recent Progress toward the Understanding and Prediction of Ship Motions.” Fifth
Symposium of Naval Hydeodynamics, Bergen, Norway, pp. 3-128 (Sep 1964).

1 Goodman. T.R. et al.. “Static and Dynamic Analysis of 2 Moored Buoy System,” National Data Buoy
Center Report 6113.1 (Apr 1972),

'7\“ang. H.T.. “A Two-Degree-of-Freedom Model for the Two-Dimensional Dynamic Motions of Suspended
Extensible Cable Systems.” NSRDC Report 3663 (Oct 1971).
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iime domain approsch in the present study. In order to make this approach feasible, 1t was
important to find classes of buoys which did not have frequency-dependent added mass and

13.19 4nd small

damping coefficients. A literature search revealed two such classes: spar buoys
bucys. Spar buoys are buoys with circular cross sections and large draft-to-dismeter ratios
H/t. Because of their slenderness, the added inertia terms of these buoys are essentially those
for infinite Nuid. and the frequency-dependent wave damping coefficients are zero to finst
order approximation.'® The other cluss corresponds to buoys whose typscal dimenston i is so

small compared to the ocean wavelengths A that the reduced frequency @ given by

G=21s K1 (2

>

is much les: than unity for the range of A values corresponding to ocean waves of mierest,

For surface buoys of senobuoy systems, whose typical dimension is of the order of 1 1
{0.305 m). the atove condition holds for the large majority of sea states. When kquation i 21)
holds. the wave damping terms go to zero and the added nertia terms for @ = 0 may be used.
In this case, the ocean surface behaves essentially as a rigid plane.”” and for the casw of 4 buoy
whose axis of symmeiry is zligned with the y-axis, the added mass in surge s equal to the
infinite fluid vaiue. The added mass coetficients for pitch and heave must be caleulated
separately for each shape considered. Since these coefficients huve been studied for several
cases of sblate and prolate spheroids.?! 2% and also because they represent mathematical
shapes which are similar 1o surface buoys of sonvbuoy systems, 1t was decided to represent
the small buoys by prolate and oblate spherowds. Both types of spheroids are charactenzed by

having two of their three axes equal in length. The limiting cases for a prolate spherod are a

" Newman, J.N., “The Motions of a Spar Buoy 1n Regular Waves.” Dawvid Taylor Model Basin Report
1499 (May 1963,

""Rudnick. P.. “Moton of A Large Spar Buoy in Sea Waves.” Jourrai of Ship Research. Voi. 11, No. 4,
Pp- 257.267 (Dec 1967,

I%ewman. J.N.. “Manne Hydrodynamacs (Lectues Notes),” M.LT Dept Nav. Arch. and Mar Ing.
(Sprng Term; 1971).

*THavelock, T.. “Waves due to 2 Fleating Sphere Making Penedic He2us, Ouaiilations.” Preceedings ot
the Royal Society. Vol 231, Series A, pp. 1-7 (Jul 1955).

“*MacCamy. R.C.. “Cn the Heavuing Motion of Cyiinders of Shalkow Dratt” Juarnal ot Ship Rasearch.
Vol © Mo Xopp 34-43 (Dec 1961,

2YKim. WD, "0n the Forced Osailiations of Shallow-Dran Ships.” Journzi of Stap Kewarch, Vol 2,
No. 2opp. 7-18 ({1 1963}

*Kin, WD . "0 3 Free-Fluating Ship in Waves,” fournal of Shup Research. Voi 10 N 3. pp 182.19]
(Sep 1960
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long thin cviinder and a sphere, and the limiting cases for an oblate spheroic are a thin
circular disk and again a sphere. It can be scen from these limiting cases, that prolate and

oblate spheroids can be used to generate a4 wide range of shapes.

DIFFERENTIAL EQUATIONS OF MOTION

The linearized ditferential equations for the surge, heave, and pitch motions of a surface
buoy or ship freely floatinz in an inviscid fluid are well known: see, for example, Frank and
Salvesen!? and Newman.'®  These equations usually contain the inertia forees (includiag the
added hydrodynamic inertia forces), the wave-damping forces. the exciting forces due to the
incemmng occan waves, and the restoring forces due to buoyancy. The iesulting equations are
usually solv:d in the frequency domain. As mentioned previously, the wave-damping forces
may be neglected, to first order, for the two types of buoys considered in the present repert.
Vhe forces due to viscous drag and cable tension. which are not usually considered in the
Ahoy e studies, are included in the present formulation. The viscous drag forces which are
quadratic in the motion velocities of the float, are usuaily omitted since they make the
equations nonlinc.r and complicate solutions in the trequency domain. The inclusion of
these forees poses no problem in a time-domain analysis. The cable forces are, of course.
zero for u freely floating buoy.

If the above forces acting on the buoy (shown in Figure 2) are considered and the pitch

angle ¢ is taken to be small such that
sin g Ty (22a
cos ¥ =1, {22h)

the threo differential cquasons for the surge £, heave §. and pitch ¢ are as follows

H X
[AEE: (m+ Ksp\")} ¢ '{Aw = -;'/-(y-yu ) ks(y)S(y\dy] U= i'K‘ tD +T +T““

" (23
[An = tm+ Ky oV 8= - peS 8-y )+ FK 4+ D+ T T (24
o ,' ’ s Opmam—
'\w §+ ’\s'/\-'/ = [l +p[(y -y, Y ksly)S(y)dy] U=pegVBGyt Fl(&
1
- BG Dx +i- fy U+ rxlTy -(r, v+ ry)T‘ “Twy Tn\'x (25
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Figure 2 — Definition of Forces Acting on Surface Buoy
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where AEE' AW' Am, and Ay.“;.‘ = inertia coefficients defined above
m = mass of the buoy

KS and K" = added mass coefficients for surge and heave, respectively

v = submerged volume

H = draft

Y = distance of the center of gravity below the undisturbed free surface

(y) = loca! added mass coefficient for surge
B

Sty) = local cross-sectional area

FK,. FK’, = exciling forces due to surface waves in the x- and y-directions,
respectively

FK",/ = ¢xciting moment about the center of gravity due to surface waves

Dx' Dy = viscous drag forces in the x- and y-directions, respectively

T.. Ty = compornents of the cable teasion in the x- and y-directions,
respectively. at the attichment point to the buoy

TI\\'x = wind loading on the buoy in the x-direction

Tys = steady-state component of tension in the v-direction at the
attachment point to the buoy

Sw = waterplane arca of the buoy

Yw = vertical displacement of the ocean surface, detined in Equation (14b)

I = moment of inertia about the center of gravity

- 4G =Yg~ Y

‘g = distance of the center of bucyancy below the undmturbed frec surface

T = horizonta} and vertical distances measured fromn the center of gravity

’ to the cable attachment point
"wy - vertical distance meusured from the ceater of gravity to the center of

the vand loading ferce

In Equaticns {23)-(25), a dot denotes differentiztion with respect to time.

The added inertia coefficiencs, presented below, are all calculated for the casve v =G N
should be noted that the moment terms on the right-hand wde of Equation (23) may be
readily changed to account for large values of ¢ which negate approximations (22ar and ¢ 22b).
However. the added mertia terms on the left-hand side of Equations (231 through (251 must
be calculated (by pote itial flow (nethods) for each new value of . For example. tor 4 large
vaiue of ¢, the added mas in surge for a small spheroidal buoy is no longer equal to the
nfinite flurd value since 1n this case. there will be motion of the fluid perpendicular to the
free snrtace.

Under static conditions, the submerged volume V must support hoth the weight of tie

tuoy in air tmg) and the vertical component of the steady-state tension | l\‘i

14
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pgV =mg+ Tys (26a)
o Tys
V= ; + FE (:()’3'

It the wmput dimensions tor the draft and cross-sectiona) areis of the buoy are such that the
submerged volurae does not egual the value given in Equation (26b). the program internally
multiphies the cross-sectional greas by o4 constant factor so that the submerged volume bhecomes
eadctly equal to the value given by thi. equation. Ail ot the added inertia and wave-exciting
forces given in the following sections are based on this volume.

The tollowing two sections present derivations for the added nertia coefficients Kg. Ky, .
kg and the wave-exciting forces FKK. FK),‘ FK‘b for the two classes of buoys considered:

spar hitoys and small spheroidal buoys.

SPAR BUOYS

Because of the slenderness of the spar buoy. Newman'® shows that 1ts added inertias for
surge and pitch are identical to those in infinite fluid. Since the spar buoy has a circular
cross section, the surge inertis coetficients kg and K¢ are both equal to 1, leading to the

following definitions for the added surge and pitch inertia terms in Equations (23) through

(2S5
KS = kg = (27a)
m+KiaV=m+pV (27
K] H
p/()'-)'ciks(y)S()')dy=p/1y-y(;)S(y)dy (27¢)
0 0
H H ,
pf(y-yG ) kS(y)S(y)dy =pf!y—y0 > Sty) dy (27dy
0 0

Newman takes the buoy to be sufficiently slender so that the added mass for heave may
be neglected.  Adee and Bai®® have shown experimentally that for the case of a circular
cylinder. it is more accurate to add a term corresp.onding to one-half the added mass of a

circular disk (with the same diameter as that of the cylinder) heaving in infinite fluid.

5 Adee. B.H. and KJ. Bai, “Experimental Studies of the Behavior of Spar Type Stable Platfcrms in Waves.”
University of California (Berkeley) Report NA-70-4 (Jul 1970).
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This correction term has been incorporated into the present formulation by takir : the radius
of the disk to bz the mean radius of the spar buoy T, defined by
\

=2 = T= —
st H=V.,T H

L 20 bl bl R e £ % AL R 4Ly ""..hf*‘w"‘“

Since one-half of the added inertia of a circuiar disk heaving in infinite fluid"' is (4/3) o7,

the following expression is obtained for K, in Equation (24}

41 (v e
=3 3 (Y 2
v’ 3V(zH) (28)

] Newman shows that the wave-exciting forces are simply the Froude-Krylev forces, whicl,

Gk et

: may be obtained by integrating the pressure field generated by the ocean waves around the

contour of the buoy. The following expressions are obtained for FK, and FK¢

é N

FK, =-2 2 [oiz a,; cos ik;x - o;t +0wi)Qo(ki)] £29)
E i=1
1 N
3 FK!II =2 2 {012 Ay cos(klx - o;t +0wi)ol(kiﬂ (30)
3 i=1

where

H -k
Q, (k) = pf e 7 S(y)dy
0
H -ky ]
Q,(kj)=p e " (y-y,)Sty)rdy
0
For the heave motion. the Froude-Krylov force given by Newman has been modified to
account for the additional heave added-mass term given in kquation (28). This modification
has been so made that in the limiting case of a very small spar buoy (which would follow the
motions of the waves in the absence of cable forees), the wave-exciting term in Equation (24)

would be exactly equal to the inertia term on the left-hand side of the cquation. The resulting

torce has the from
N
4 (VY s o
FKY = [I + 3 p (;ﬁ) 21 ["i a,, sin (k.x - o;t +0w')001k')] (In
‘:
The expression given by Newman does not contain the correction term (4/3) p (V/s HP2,

16
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SMALL SPHEROIDAL BUOYS

As mentioned previously, for the limiting case of zero seduced frequency where the free
surface behaves as a nigid plane, the coefficient for the surge added mass K¢ is equal to the
infinite fluid value. These coetficients may be calculated by the formulas and tables given in
Lamb.!!

The added nertia coefficients for heave, pitch, and coupled pitch-surge motions which
have components normat to the free surface are not the same as the coefficients for infinite
fluid Instead. they must be calculated separately to incorporate the rigid free-surface ,/

conditron. Inspection of Equations (23) aad (25) shows that the added inertia terms for

pitch and coupled pitch-surge motions may be defined as follows ~
H H
[(y -y P kgly) Sty) dy =/‘(y2 = 2yy, ¥V kgty) Sty) dy
0
ol th V- ?.y(j (-—ulsirw \Vr yc“ Ks\ (320
H

-/(y-yc)ks(y)S(yidy =, Vry, KS\' 32

i}

where 1, is the maximum radius of the buoy and 1s used to render the coefficients Hgg 2nd
Byg dimensioniess.

Thus, a calculation of pyc. ). and K. slong with the values of K¢ for infinite fluid as
given in Lamb. completely determines all the added inertia terms in Equations i 23) through
(25). Bai’® has used a finite element approach to calculate coefficients pgo. pys. and K" for
spheroids with draft to maximum radius ratios (H/r ) ranging from 0.1 to 10. His results
agree well with previous results®!'2* for corresponding cases at the zero red.aced frequency
limit.

Principally for the sake of programming easc. the present program consia.'s only the
results for the case where the maximum radius lies at the free surface. Consideration of other
radii at the free surface would introduce a-iditional parameters to a description of the
submerged buoy. In addition, it is expected that 1n most cases the maximum radius will be
close to the free surface because most of the volume (and hence buoyancy capability) of the
spheroid is concentrated in the region around the maximum radwus, Results for several cases

. . . N ./
where the waterline does not occur at the maximum radius are presented in Bai.*®

%6pa1. KJ., “The Zero-Frequency Hydrodynamic Coefficients of Vertical Axisymmetrnic Bodies at a Free
Surface.” Journai of Hydronauticc (Jan 1977).
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In the range 0.1 < H/r,, < 10, the coefficients By Hgss K“ , and K are obtained by

linearly interpolating between the values shown in Table 1.

[ e AN N

TABLE | - VALUES OF ADDED INERTIA COEFFICIENTS
FOR SPHEROIDAL BUOYS AT ZERO REDUCED FREQUENCY

- ey

P T g

: Hiry % K Hss His
1 0.1 0.074 12.84 127 03
] 0.2 0.143 5.84 0.55 0.264
0.3 0.2~ 3672 0312 0.237
0.5 0.31 2.005 0.117 0.177
0.7 0.397 1323 0.0358 0.13
3 0.9 0.469 0.96 0.0038 0.0039
1 1.0 0.50 0.836 0. 0.
15 0.622 0.484 0.0731 -0 191
2. 0.704 0.323 0.272 -0.391
3. 0.804 0.18 .993 -0.768
5. 0.894 0.082 365 -1.565
7. 0.933 0.049 8.20 -2.38
12. 0.96 0.028 200 -3.75

et ik L b Sl 1

The values of K¢ are those given by Lamb,!! and the values of Rys. Hgg. and K" are the
values given by Bai.® subject to two modifications at H/r,, = 10.0. The values of u,¢ and
g for H/r,, = 10, respectively 20.0 and - 3.75, correspond io those obtained by simply using
strip theory with ks(y) =1 for 0 < y < H. The corresponding values of By and Heg obtained
by Bai are respectively 17.84 and - 3.53. These modifications were made principally for the
sake of providing continuity with the approximation used in the range H,:’rw > 10.0. where

the buoy is treated essentially as a spar buoy. There are two reasons for the differences

between the strip theory and theoretical finite element calculations.® First, the strip theory
approach neglects the flow around the lower end of the buoy, where ko(y) < 1. Second. the
finite 2lement representation, where only the nodes of the elements are on the surface of the
buoy. effectively models a sinaller buoy. Both of these effects serve to make the stnip theory

values higher than the corresponding finite element results.

Wave -Exciting Forces

The exciting forces FK, and FKy in Equations (23) and (24) were written in a form

which assumes that the buoy follows the wave motion in the absence of cable forces and

18




couphing between pitch and surge motions. This is the case for buoys with dimensions which

are small compared to the lengths of ths exciting waves. The resulting equations take the form

N

FK, = (1 +Kg) VR, =0 +KpV 2 [of ay, contkx-ot+a,0] (33
151
N

FK, = (1 + K)oV, =1+ Ky oV 3 ol ug sintkx - ot +0, ] (3H

1=t

The term e W which appeans in Equations (16a) and 116b) for £, and V_ has been omitted
in the above equations since it is = | under the assumption of smull reduced frequency,
Equation (21).

The pitch-exciting moment is computed by noting that because of the sy mmetry ol the
buoy about the vertical axis, only the honzontal wave motions nhe 4 contribation to piteh,

resulting in

H
FK¢=-p[(y-yG)iw[l + kg(y)] Sty) dy

=pt-BGV +u, 1, V+y, KWK,

N
— S )
=-pVi-BG+p 1, +y. K? E [o; Gy O tkx -g 1+ "w,‘] (35
1=1
. . -k
Again. under the assumpticn of small reduced frequency, the term ¢ ¥ has been set equal to

! in the expression for X .

DYNAMIC CABLE EQUATIONS
GENERZA.L CONSIDERATIONS

As mentioned previously. equations for the present study are solved 1n the time domain.
Previous cable studies have considered two major approaches mn the ime domain: the method
of characteristics and the finite element method. The method of characteristios 1s an clegant
method which reduces the original set of partial differential cquations to a set of ordinary
differential equations which are integrated along charactenstic hines or wavefronts. This
method fumishes valuable msight into the various modes of cable motion but solution times

are typically very large.?

19




i
g

The finite element method seeks to represent the actual cable system by a series of
segments and nodes. The original set of partial differential cquations is then reduced to a set
of ordinary difterential equations of motion for the nodes. This method facilitates the
modcling of nonuniform propertics along the cable as well as the presence of intermediate
bodics. The method 1s also quite flexible mn that the number and location ¢f nodes is left to
the judgment of the user. In arriving at his selection of nodes. he may consider such factors
as the type and accnracy of the dynamic information desired, the amount of computer time
available. the complexity of the cable system, and the spatial variation of the environmental
velocity profiles.

Principally for reasons of generality and flexibility. the finite element approach was used
1o model the cable. Straight elements are used in the present formulation. Webster?’ studied
the use of higher order curved elements to model cable shape and concluded vhat the first
order straight element appears to be the most cost-effective. In particular. he showed that
one second-order quadratic element would have to be s accurate as at least eight straight
elements before its use would be economical.

Before deciding on the final formulation. a number of preliminary approaches for
obvtaining the difterential equations of motion for the nodes were explored. Two approaches

in particular were considered in some detail.

PRELIMINARY APPROACHES

In one approach, the equations were formulated in a coordinate system aligned with the
cable segment. This is the approach used by Rupe and Thresher® to obtain the dynamic
motions of an inextensible. uniform cable. For the present case of an extensible cable. the
two unknowns are the inclination ind stretch of ¢ach segment. This is the most natural way
of descnbing the configuration of a segment. in addition, certain cable forces such as tension,
added inertia. and drag torces are most conveniently cypressed in directions normal and
tangential to ¢ cable segment. However. in the presence of intermediate bodies along the
cable. for which the inertia and drag are most conveniently expressed in the spatial x- and
y-directions, the resulting equations are greatly complicated by the transformation required io
express the body forees in the cable coordinate system. The cable system considered by Rupe

and Thresher is free of intermediate bodies.

2"Webster. R.L.. “An Apphcaation of the Fimite Tlement Method to the T stermination of Nonlinear Statc
and Dynamic Responses of Underwater Cable Structures,” General Electric Report R7T6EMH2 (Jan 1976).

2"Rupc. R.C and Thresher, R.W.. “The Anchor-Last Deployment Problem for Inextensible Mooting
Lines.” ASME Paper 74-WA/OLT-S (Dec 1974).
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Wang® has shown that relatively fowisggments are required to accurately describe the
overall steady-state configuration of a cable; these results suggested a second novel approach.
The cable was conventionally divided into a number of straight segments and two diffcre\n‘!ia\l
equations in the x- and y-directions were written for the nodes at the ends of the segments.

~——
However, each straight segment was subdivided into a number of intermediate nodes, as

shown in Figure 3. \

INTERMEDIATE NODE

END NODE

Figure 3 — Finite Element with Intermediate Nodes

Since taese intermediate nodes were forced to move along the straight cable segment, only
one differential equation was needed to describe their longitudinal motion. The principal
intention of this approach was to have the end nodes describe the overall cabie configuration
and the intermediate nodes describe the vanation of tension along a cable segment. There
was not sufficient time in the present study to fully explore this approach. However. it was
found that a certain amount of bookkeeping was required in the program to differentiate
between the “end™ and “‘intermediate’ nodes. Also, although this approach reduces the total
rumber of differential equations from that required by more conventional approaches, the

”Wang, H.T.. “Determination of the Accuracy of Segmented Representations of Cable Shape.” Journal of
Engineering for Industry, Vol. 97, No. 2, Series B, pp. 472-478 (May 1975).
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integration time step still depunds on the distance between intermediate nodes and the elastic
modulus of the cable. For short distances and nearly inextensible cables, the size of the

integration steps becomes very small, which increases computer time.

FINAL FORMULATION

In view of the above, selection of the final finite ele nent model was as shown in Figure 4.
The continuous cable is divided into a number of massless straight elastic segments. The inertia,

weight, a.ad drag forces acting on each cable segment are equally divided between the two

nodes at the ends of the segment.
>» .

'.._,_\_ ' ’NQDE"‘ﬁ

NODE » n

N
Figure 4 — Final Finite Ekl&nt Model

Two second-order differential equations of motion are writien Q{the spatial x- and

NODE {1 + 3)

y-directions for cach node i. as follows
AN
"x :‘.1+Kiyl =Fx. i Tx. +ani+Dlx-+D \\ 136)

1 i i i LAY

c ey G =
K, X, inyl F),i

--Ty +Dny_+D

Dy +D"yi +W. W (2D

| 1 1

=12 ... M

where  J . Jy. K = inertia coefficients defined below in Equation (43)

.y = subscripts denoting the x- and y-directions, respectively

F = sum of the tension, drag. and gravity forces acting on the node
T = tension 1n the cable due to stretch and internal damping

D, = normal drag foroe acting on the cable
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D, = tangential drag force acting on the cable
DB = drag force acting or the intermediate body
W, = weight of the cable 1n fluid

W, = weight of the interinediate body in fhud
M = total number of nodes

Detailed definitions of the cuble forees are now given. and the drag and nertia forees for the
intermediate bodies are defined in the next major section.
It 1s most convenient to solve the set of 2M differential equations (36) and (37) with X,

ond ¥, uncoupled. as follows

X; = inin -K F v ) - K (38a)

yi = (in Fyi-Kin.,l("x."y.-Kj.’ (25b)

DEFINITION OF CABLE FORCES

Inertia Forces

Each cable segment is taken to be a long thin cylinder for which fluid inertis is added
only for acceleration normal to the segment. Thus, in a coordinate system aligned with the

-
segment, the inertia force F . ior the cable segment is simply given by

Fie = (B4, +apAQ ) o +uv, 3, (39)
where " = mass per unit length of the cable
¢, = reference length of the cable segment
« = added mass coefficient = 1.0 for a round cable
A = cross-sectional arez of the cable
—'.;n ,-a" = accelerations respectively normal and tangential to the cable segment

In this equation. an arrow denotss a vector.

In the fixed x- and y-directions. for which the ditferential equations are written, the
inertia coefficients are not constants but rather are sunctions of cable inclination ¢. For the
cocsdinate systems shown in Figure 4, a_ and a, are related to \ and ¥. respectively the

accelerations in the x- and y-directions, by

Xcoso-Vainod (340a)

[
]}

~XSINQO+tYcon o (40h)

£
[]
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The x- and y-components of a, and a, are, in turn, given by

anx=ancos¢=iicosz¢+§sin¢cos¢ (412)
apy = a,sin ¢ =Xsingcosd +§sin’ ¢ (41b)
a,, =-a,sin¢=Xsin? ¢~y sin¢cos¢ (41¢)
3y =3, cos ¢ = - X sin ¢ cos ¢ + ¥ cos? ¢ (41d)

The inertia force for the cable se_ ment in the spatial coordinates x and y takes the forn
_ -»
F c [‘"Qo +apA20) agy, * “Qo atxl !
- .
+ {(ug, +apA2°)any +u20a‘yl j {42)
where T T are unit vectors in the x- and y-directions, respectively.
If one-half of the inertia force of the cable segments above and below the node are

summed and the possible presence of an intermediate body at the node is taken into account,
-
Equations (39) to (42) yield the following equation for the tota! inert'a force F, at the node

= /“a Qoa t iy, Qob ap A: Qoa ) pAb Qob
- 2 —_— 2 b
Fl'[ > T cos” ¢, + ) cos™ @y + My, ) x
apA L apAb L
sm $, cos ¢ sin &, cos 't’b

apA Q apA Q
sm¢ cmé sm% cos¢b

+y ¢ -
( b “ob tapA, €, sin’ ¢a+apAb20b sin ¢b+MBVy) ]j

= (Jx§+Ki’i7+(K§+1y§)T (43)

where subscripts a and b respectively denoie the cable segments above and below the node
and Mavx and MBVy are respectively the virtual iass, the mass plus the added mass, of the
intermediate body for motions in the x- and y-directions.

Tension Force

For an extensible cable segment, the tension force T depends on the strain € and the

strain ratc €




T

PRI

TOW. i

T=T.) 44)
where

Y R
AC ¢ \/“e"u’ T YT

e::¢—)-=-7-—§‘~. - -‘l 45
LA N £, '
'

de (QQ'QUH‘Q"\’.U' !'()'Q-}'UN}'Q'_VU; )
- i46)

T e,

G e ~e bl

fere Cis the stretehed length of the cable segment and the subseripty Cand u respectively

refer to the jower and upper cads of the cabie segment.

Several relationships have been proposed in the literature tor thg form of this dependence,
In the present study. the following refatwvely simple vet generai relatfonship is used

T=1 +C €2 +C¢ ? 47
3 § {

where € is the internal dampmig cocfticient. Note that the abovg/ dynamic tension diffens
from the static tenvion, Equetion (83 by the addition of the linefir internal structural damping
term (', €. Thiv model, commoniy referred to as the Voigt modgl. has been used in previows
cable studies, for example, by Huifman® and by Goeller .md‘Zuru 3 Goeller and Laura
show experimentally that this medet cdequately describes in.’:'rn:\l dumping for nyvlon ropes
except for frequencies significantly higher than the resenance frequency of the cable. Other
morc complex form for the internal structural damping. such as those proposed by Reid. ™
can be convenienthy incorporated into the program.

Since the vable segments abo @ and hclgu.m{' node act on st the following two

erpressons are obtamed for T and T trespectively the <= and y-components of the sesultant

torees duce to cable tension),

T( = l'u *1!“ = T;« sin 9, —Tb sy (38:x)
I\ = la-‘,+!hy=-l3 cmoa+lb N Dy {$xh)

Mhatman, R.R.. “The Dynanncal Behavior of Extensible Cable 1n 3 Unsform Flow Field (An Investigation
ot the Towed Vehicls Problem).” Ph.D. Thesis. Purdus University (Jan 1969)

3L eller. J.F and PA. Laura, “Anabytial and $ypennmental Study o the Dynamic Response of Cable
Systene.” The Catholic University of America, Department of Mechanical T ngineering. Thenus Program 893,
Ripant TO-3 {Apr 1970).

Vikae. RO . “Dynamics of Deep-Sea Mo cang Lanes.” Texnas A&EM Unweeersies . Department of Oceano-
Jraphy. ASM Project P04, Reterence 6R.1 it (Jul 1968),
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Drag Forces

As shown previously in Equations (6) and (7), the static normal and tangentil cable
drags are taken to be respectively proportional to the squares of the normal and tangential
components of the current velocity <. in the dynamic case. the fluid velocity relative to the
cible must include the ocean wave particle velocities kw and )"w as well as the velocities x
and y of the cable. The resultant expressions V,q and v, for the relative velocities normal

and tangential to the cable then take the form

Vi SC X, -X)cos@+(y, ~Y)sing =X coso+y sing (49a)

]
4

Vg (et X, ~X)sing +(y, -y)cos¢ = -X sind+y cosg (49b)

where X, = ctx, -x andy, = s, - V.
If one-half of the drag forces acting on the cable segments above and below the node are
summed. the following equations are obtained for the resultant forces D, . Dn).. D,,. and

D

acting on the rode

ty
-1 D S l D, c S0:
D“"--f mcou,‘)a *3 nb Los¢b (50a)
. i . R
Dny = 5l Dm sin ¢, +-:— Dnb sin ¢y {30h)
1 ) 1 . 0.
Dtx = --_;Du sin ¢a"SDtb $in ¢ (50¢)
- l . + l D . ’0
Dty —-:-[)“l cos O, 3 Dy oS Gy ¢ 30d)

where

1 ) )
Daga.by = S P Coa.b) Ya, b1 Yxa.b) Ymta.b) Venta b |

i N
Dia.b) =52 Creaby Ya.b) Wota.b) raca by HVesga by
Vinga.by T Yp O °(a.b) vy, sin o(a,b)

Viva.by T 7 ‘ir SN O, by Y 0N O, by
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INTERMEDIATE BODIES

The magnitude and direction of the added inertia and drag forces for an arbitrary body
depend, in general, in a complex manner on body shape and orientation relative to the flow.
The modeling of intermediate bodies in previous cable siudies has ranged from the very simple
to the very complex. At one extreme, the presence of intermediate bodies has been neglected
altogether, lcading to a cable-only system. At the other extreme, some studies have paid very
careful attention to a particular body, often the lower body of the system, and approximated
the rest of the cable system in a simple manner.

After careful review of previous studies. formulations were selected for the present study
which although relatively simple, can model most bodies of interest for sonobuoy systems.
They are also applicable to other cable systems where the bodies are relatively small and/or

conform to the shape limitations given below.

CONSTANT COEFFICIENTS
inertia Forces

The inertia forces in the x- and y-directions are expressed as the virtual mass times the
acceleration in these directions, where the vistual mass is the sum of the mass of the body
M, and the constant infinite fluid added mass. Thus, the virtual masses Mgy, and Ms\'y

which appear in Equation (43) are given by

Myy, = Mg +K, oV, (Sta)

BVX

Mgy, =My +K oV, (51b)

BVY

where K, Ky are respectively the added mass coefficients for motions in the x- and
y-directions and Vs is the reference volume, usually the volume of the body.

Drag Forces

Two formulations are used to describe the drag forces. In one. the drag components

sz and Dsy are taken to have the form

i .
Dy, '3PCDAX Ve X (32a)
D, =pCpyo v,y (S2b)
By  2P%pay ViVt -
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where €, . Cpy Ay dr€ respectively the drag areas in the x- and y-directions and

v, =/ X ,2 + )"rz is the resultant fluid velocity relative to the body. This approach has been

4
used by Walton and Polachek33 and is exact for the case of a sphere. In this case, where

Coax = Cp Ay = Cp A - the resultant drag Dy is parallel to the resultant fluid velocity v,

= - -
DB =D pCDA vr(xrn +er)"5"CDA vV,

> - 1
px! *Dyyd =3
This approach may also be used to approximate the drag for other blunt shapes for which the
drag areas for different flow directions do not differ greatly, e.g . near-cubes or circular
cylinders with length to diameter ratios of spproximately 1.

In the second approach, DBx and Dsy are taken as proportionzl to the squares of the

components of the relative fluid velocities in these respective Girections

| ..
Dax=°§'pCDAx"r!xrl {53a)

1 .
Dgy =5 Cpay ¥y ¥, (53b)

This is a good approximation for iong cylinders or thin disks with axes parallel to the x- or
y-directions. In these cases. where there is a large difference between the drag areas, the drag
in one dircction is essentially pressure drag whereas the much smaller drag in the other
direction is essentially due to fluid friction.

In the present program. the choice of whether to use Equation (52) or (53} to compute

the drag is determined by the value of the ratio CD Ax/C It was somewhat arbitranly

DAy"
decided that in the range

05<C,,,/C <20 (54)

DAX' “ DAY -

Equations (52a) and (52b) would be used to compute Dax and Dsy' Outside this range,
Equations (53a) and (53b) are used to compute Dy and Dny'

VARIABLE COEFFICIENTS FOR CIRCULAR DISK

When a body is executing dynamic oscillations such that it periodically traverses its own

viscous wake. the added mass and drag coefficients are more cortectly cxpressed as functions

walton. T.S. and H. Polachek. “Calculation of Transient Motion of Submerged Cables.” Mathematical
Tables and Other Ads to Computation. Vol. 14, No. 69. pp. 27 -46 (Jan 1960).
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of the dynamic motion. Drag coefficients are usually obtained for steady flow and added

mass coefficients are often computed for an inviscid fluid. The reviews by Wiegel® and

LU OLAES 1 (ks v A T LSS w—qw“

Holler® show that nearly all of the measurements of the dynamic coefficients for various
bodies have been conducted for dynamic oscillation in one direction only and in the absence
of any steady-state fluid velocity. Thus, the resuits from these studies should be used with

caution in the present case where the cabie system will generally undergo dynamic motions in

both directions in the presence of a steady-state current profile.
For the particular case of a circular disk, which is commorly used in sonobucy systems

TG ATTY I TE XA HN TE R

1 to damp out the motions of the iower acoustic urits, the user may either employ the constant
coefficient approach (described previousty) or have the program internally compuie the
dynamic added mass and drag coefficients for the direction normal to the disk plane. as based

on the experimental relationships given by Holler.3® The coefficients are related to the

3 dynamic motions as follows™

‘Kdnz i)
C = e— O
par = 3 o (55a)
Mgy = Mg +1.2y0dg = My + M, (550

v=B = ffor0077<6< 3.84

= 3.84 =1.96 for § > 3.84

=4/ 0.077 = 0.278 for 8 < C.077

direction normal to the disk plare, either x or y

where n =
M A = added mass
n.n = the velocity and acceleration, respectively. of the disk in this direction,

cither (x.X) or (y, V)

The above formulas show how the drag area and the sdded mass vary with 8. which is a
measure of the ratio of relative magnitudes of the velocity and acceleration. At low values of

B. where the acceleradon is much higher than the velocity (e.g.. during the initial instants of

34\\ﬁegc:l. R.L., “Oceanographical Engineering.” Prentice Hall, inc., Englewood Cliffs, NJ., (1964),
Chapter 11,

3olier. R.A.. “Hydrodvramic Effects of Harmonic Acceleration,” Naval Air Development Center
Report AE-"120 (Jan 1972).
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a body starting from rest), the formulas show that C,, = has a high value and that the added
mass is given by M, = p d; {3, the potential flow result. At the other extreme of high values
of 8. where the velocity is much higher than the acceleration, the added mass has a high value
and the drag area is given by Cp, = I.lden2 /4, the steady-state value.

The added mass and drag in the direction tangent to the disk plane, which are much

smaller, are computed by the constant coefficient approach outlined previously.

DESCRIPTION OF COMPUTER PROGRAM

Program CABUOY consists of a main program and six subroutines.

MAIN PROGRAM

The main program accepts input data for the cable system. surface waves, current profile,
and the initial conditions for the dynamic calculations. If a surface buoy is present, input
data are read in by Subroutine BUOY, described below. Data may be entered in either
English or metric units. A detailed description of input instructions is given later.

The program is currently written to accept up to 50 cable scgments and 49 intermediate
bodies. This number can be conveniently increased by changing a few DIMENSION und
COMMON statements, but it should be noted that dynamic calculations for more than 50
nodes are likely to require prohibitively large amounts of computer time.

The main program pnints out the input data and then calls on various subroutines to
:alculate the ocean wave spectrum, certain constants for the surface buoy. the steady-tate
configuration of the cable system, and finally the dynamic motions of the system at prescribed
time intervals. The output from the steady-state and dynamic calculations are also printed by

this program.

SUBROUTINE STAT

This subroutine defines the five steady-state differential equations, (1) to (5), tor the cable.

SUBROUTINE DYNA

This subroutine defines the dynamic differential equations., (36) and (37), for each of the
M nodes. For cases where a buoy is present, this subroutine also defines the theee difterential

equations of motion for the surface buoy. namely (23) to (25).

30
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SUBROUTINE CUR

This subroutine turnishes the steady-state current profile relative to the cable system.
For a free-floating cable system. this would be tihe actusl current profile minus the drift
velocity of the cable syscem. For o given value of the vertical distanice y. this subroutine
linearly mterpolates between the input veiocities which are read in as a function of y. For
cases where the given value of y is greater (less) than the fargest (smallest) value of y which

s read in, the sebroutine wakes the velocity to be the value at the largest (smallest) algebraic

vaiue of ¥ which is read in.

SUBROUTINE SPECT

This subroutine is employed when the user wishes the program to internally generate the
surface wave components. In this case, the subroutine defines the amplitudes of the suface
wave componenis by using the Pierson-Moskowitz energy sea spectrum. Equation (18).

Provision s left at the end of the subroutine for implementing other forms for the sea

spectrum.

SUBROUTINE BuOY

This subroutine is used when o surface buoy is present. After reading input data for the
surface huoy, the subroutine calculates the various buoy geometrical and added inertia
coefficients which appear in Equations 1 27) to (35). It concludes by calculating the steady-

state pitch angle of the buoy. in the absence of any dynamic excitation due to surfiace waves.

SUBROUTINE ITERA

Thw subroutine is used for boundary value cases when iteration schemes are required to
obtain the steady-state contiguration of the cable system. [t contains iteration schemes which
are apphicable for iree-floating cable systems and a cable of given length moored in a given
ocean depth. Provision i made at the end of the subroutine for implementing iteration

schemes for other applications.

SUBROUTINE KUTMER

Thes subroutine uses the Kutta-Merson method to numerically integrate the steady-state

diftereatial equations defined in Subroutine STAT and the dynamic difrerential equations of
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motion defined in Subroutine DYNA. The subroutine automatically reduces the integration

RA R LA gt e g

step size until specitied error criteria are met.

INPUT INSTRUCTIONS

READ STATEMENTS

Input data are entered into the program by means of the following READ statements

contained in Program MAIN and Subroutine BUOY. These statements are given numbers

KR IR RE e hase b P ok 200 of

simply for identification purposes.

MAIN Program

READ (5,1) NCASES Card 1|
DO 1000 MC~1. NCASES

READ (5.301) TITLE Card 2
READ (5.17) NSM, NSW_NCAB, NCUR, ITER, MTRC Card 3
READ (5,2) (FSM (K). K=1, NSM) Card 4
READ (5.2) (AXSM (K), K= 1, NSM) Card §
READ (5,2) (AYSM (K). K=1 NSM) Card 6
READ (5.2) (FIDSM (K). K=1, NSM) Card 7
READ (5.2) (ASW (K), K=1. NSW} {ard 8
KREAD (5.2) (FRSW(K). K=1, NSW) Card ©
READ (5.2) (FIDSW (K). K= 1. NSW) Card 10
READ (5.2) RHO. SUBM. TWX, TIY. CDASX. AMC, AFAC. TMIN Card 11
READ (5,2) TINVI. DTI.TOTT, DT2, DIR. TBH, TBYMX Card 12
READ (5.3) (FLC(K), K=1, NCAB) Card 13
READ (5.2) (DCI(K). K=1,NCAB) Card 15
READ (5.2) (CDN(K), K=1,NCAB) Card 15
READ (5.2) (CDT (K). K=1,NCAB) Card 16
READ (5.2 (WC (K). K=1,NCAB) Card 17
READ (5.4) (CM (K). K=1.NCAB) Card 18
READ (5.3) (TREF (K). K=1,NCAB) Card 19
READ (5.5) (C1 (K. K=1,NCAB) Card 20
READ (5.2) (C2(K). K=1,NCAB) Card 21
READ (5.2) (CINT (K), K=1,NCAB) Card 22
READ (5.2) (WBD (K). K=1,NCAB) Card 23
READ (5.2) (CDABX (K). K=1,NCAB) Card 24
READ (5.2) (CDABY (K). K=1,NCAB) Card 25
READ (5.2) (XMBV (K). K=1.NCAB) Card 26
READ (5.2) (YMBV (K),. K=1.NCAB) Card 27
READ (5.3 (YY (), 1=1, NCUR) Card 28
READ (5.3) (CCK (h. I=1,NCUR) Card 29
READ (5.2) (PHID (b, 1=1_NCAB) Card 30
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READ (5.3) (TENI (D). 1=1, NCAB) Card 31
READ (5.2) (XPl(]),1=1,NCAB) Curd 32
READ (5,2) (YPI(I),1=1,NCAB) Card 33

1000 CONTINUE

T TN A e,

The corresponding FORMAT statements are:

XY

FORMAT (2413)
FORMAT (8F10.4)
FORMAT (8F102)
FORMAT (8F10.6)
FORMAT (8F10.0)
FORMAT (20A4)

Wty -

— N b

: 30

Subroutine BUOY

READ (5.1) Ci’ASY, WAS, RWY RTX, RTY. YCG. BIN Card 34
READ (5.1) X3l ZETIL SYDI, XPSI. ZTPI, SYPDI Card 35

The corresponding FORMAT statement is:
1 FORMAT (8F10.4)

DEFINITION OF INPUT VARIABLES FOR MAIN PROGRAM

NCASES Number of cases. NCASES 2> |
TITLE Title
NSM? Number of surface motion components, 1 < NSM < 20
NSw3 Number of surface wave components, | < NSW < 20
NCAB Number of cable secgments, 2 < NCAB < 50
NCUR Number of current profile points, 2 < NCUR < 10
MTRC MTRC < 0 if input data are entered in English umits: MTRC = 1 it input
data arc entered in metric umits
ITER fteration index
FSM(K) =N , _
. Xgy = 2 AXSM(K)*cos (- 27* FSM(K)*t + FIDSM(K) *n 180.)
AXSMKY T k=
AYSM(K» NS . )
. Yeu = 2o -~AYSM(K)*sin (= 27* FSM(K)*t + FIDSM(K)*n 180,
FIDSM(K)- T k=1
NSW
ASW(K)? Xgw = 2 ASWIK)*cos (- 2r* FRSW(K)*t + FIDSW(K) *7 180.)
k=1

3




FRSW(K)3
FIDSW(K)3

RHO
SUBM?*
TWX*
TiY
CDASX*
AMC
AFAC
TMIN

TINVI
DTI
TOTT
DT2
DIR

TBH
TBYMX

FLC(K)
DCKK)
CDN(K)
CDT(K)
WC(K)

CM(K)

TREF(K)

CHEKY.C2K).

CINT(K)
WBD{K)
CDABX(K)®,
CDABYK)®
XMBV(K)S,
YMBV(K)®

NSW
Ysw = 2_ -ASW(K)*sin (- 2x* FRSW(K)*t + FIDSW(K*1/180.)
k=1

Fluid density in slugs/feet3 (kilograms/meters?)

Submergence of top point of cable below free surface in feet (meters)
Horizontal force acting at top of cable in pounds (newtons)

Vertical component of tension at top of cable in pounds (newtons)

Drag area of surface buoy perpendi-ular to the x-axis in ieet? (meters?)
Added mass coefficient of cable: AMC = 1.0 :or round cabie
Cross-sectional area of cable = AFAC*zd2/4; AFAC = 1.0 for round cable

Minimum algebraic tension which can pe supported by ¢ (ble in pounds
(newtons)

Initial time interval in seconds for dynamic calculatioans

Time step in seconds for which printout is desired for 0 <t < TINVI
Total time in seconds for which dynamic calculations are desired

Time step in seconds for which printout is desired for TINVI <1t < TOTT

DIR < 0. if initial conditions are prescribed at the bottom (towing cable
case): otherwise DIR 2 0

Applied force in pounds (newtons) on lower weight. body NCAB-i. in x-
direction

Maximum absolute value in pounds (newtons) of tension in cable just below
buoy: for buoy-cable system. set TBYMX equal to a large number. say. 99999

Length of Kth cable segment in feet (meters)
Diameter of Kth cable segment in inches (centimeters)
Normal drag coefficient of Kth cable segment
Tangential drag coefficient of Kth cable segment

Weight in fluid in pounds/foot (newtons/meter) of Kth cable scgment at the
reference cable tension

Mass of Kth cahle segment in slugs/foot (kilograms/meter) at the referer e
cable tension

Reference tension in pounds (newtons) of Kth cable segment

Tension = TREF(K) + C1(K)*¢C2K) + CINT(K) *¢; for Yinearly elastic
material, C1(K) = AE and C2(K) = 1

Weight in fluid of Kth body in pounds (newtons)

Drag area of Kth body in feet? (meters?) for flow in (x.y) directions

Virtual mass (mass + added mass) in slugs (kilograms) of Kth body in (x.y)
directions

34
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YY) Value of y in feet (meters)

CCK( Value of current in knots (meters/second) at y = YY)
PHID(I)® Initial value of ¢ of Ith cable segiment in degrees

TENI(I)8 Initial value of tension of Ith cable segment in pounds (newtons)
XPI(D) Initial value of x of Ith node in feet/second (meters/second)
YPI(D Initial value of y of Ith node in feet/second (metersisecond)

DEFINITION OF INPUT VARIABLES FOR SURFACE BUOY

CDASY Drag area for y-direction in feet’> (meters?)

WAS Weight in air in pounds (newtons)

RWY Vertical distance of wind loading center of pressure from buoy center of
gravity YCG in feet (meters)

RTX. RTY {x.y) distance of cable attachment point from YCG ip feet (meters)

YCG Submergence of center of gravity below the free surface under the action of

its own weight in air WAS and the vertical component of the steady-state
tension (-T1Y) in feet (metens)

BIN Moment of inertia in air about YCG in slug feet? (kilogram meters®)
XSI. ZETI, Initial values of (x. {. Y)Y n (feet, feet. degrees)imeten, meters. degrees),
9 where { is the vertical displacement of the center of gravity from its

SYDI s

equilibrium value YCG
XPsl, ZTPI, Initial values of (x. § . {'/) in (feet/second, feetisecond. degrees’second)
SYPD! (meters/second. meters/sccond. degrees/second)

EXPLANATORY NOTES

1. ITER = 0, no iteration (prescribed initial steady-state conditicns)
1. free-floating cable system
2, moored cable with given length in given depth
3. iteration scheme to be programmed by user

2. For 1000. < FSM(1) < 2000., the program makes the prescnbed surface motion
components cqual to the surface wave components by setting AXSM(K) = AYSM(K)
= ASW(K). FSM(K) = FRSW(K). and FIDSM(K) = FIDSW(K) for K = 1 to K = NSM:
the program automatically sets NSM = NSW.

For 2000. < FSM(1) < 3000.. the program accepts input data for a spar buoy and
considers AXSM(K) to be the cross-sectional area of the buoy n feet? (meters®) at depth
AYSM(K) feet (meten below the tree surface. AYSM(1) = 0. and AYSMINSM) = total

draft under the combined action of buoy weight tin air and the vertical component of the
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steady-state tension. NSM should be zn odd number. The input values fo: FIDSM(K) may
take on any values such as, say, 0.

For FSM(1) > 3000.. the program accepts input dats for a spheroidal buoy and considers
AXSM(1) to be the radius of the buoy cross section at the free surface and AYSM(1) to be
the total draft. The rest of the input values of AXSM(K) und AYSM(K) as well as all of the
FIDSM(K) may take on any valucs, e.g., O.

3. For ASW(1) > 1000., the program computes the amplitude of the ASW surface wave
conponents by using the Pierson-Moskowitz sca spectrum. In these cases. the program
considers the significant wave height in feet (meters) to be (ASW(1) - 1000.) and FRSW¢1)
and FRSW(2) to respectively be the lower and upper trequencies of the spectrum in cycles
per second. The program internally generates the phases of the wave components by consider-
ing them to be uniformly separated by 360/NSW degrees. The phase of the lowesi frequency
component, in degrees. is taken to be the input value of FIDSW(1).

4.  For the case of a surface buoy (FSM(1) 2 2000.). the program calculates the drag acting
on the surface buoy due to the ocean current by taking the value of the ocean current SUBM
feet (meters) belfow the free surface. Thus, 0 € SUBM < total draft.

The total horizontal force at the top point of the cable TIX = TWX
+(1'21p* CDASX* CCF (SUBM)* ABS (CCF (SUBMMN. In cases where there is no surface
buoy (i.e.. prescribed surface motion), TWX and/or CDASX may be set equal to zero. For
cases of a surface buoy. TWX represents the wind loading on the buoy in pounds (newtons).
5. For free-Nloating and towing cables where the last (K =NCAB) cable connecting the lower
weight to the occan bottom is fictitious, read in a value for CHNCAB) less than 0.0001
pounds (0.0004 newtons). In these cases. the program scts DCHNCAB)Y = CDN(NCAB)
= CDT(NCAB) = WCONCAB) = CM(NCAB) = CINT(NCAB) = 0. FLCINCAB)
= 22 FLC(NCAB- 1), and C2(NCAB) = |.

6. If CDABX(K) s negative. the program considers the body to be a aircular disk with
plane perpendicular to the x-axis and calculates drag and added mass forces by using the
formulation given in Equation (55). In these cases, CDABX(K) is the negative of the actual
drag arca and XMBV (K} i~ the mass tnot the virtual mass) of the disk. In these cases.
CDABY(K) and YMBV(K) should be positive and retain the defimtiors given previously.
Similar remarks anply if CDABY (K s read in as a negative number except that the plane of
the disk is now perpendicular to the y-axis.

7. When ITER = 2, the porgram takes YY(NCUR) to be the ocean depth.

R.  For |PHID(D | 2 360., the program takes the mitial values of the angle 2» iension ot

cach cable segment 1o correspond to their respective steady-state values at the madpoint of

RN
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cach segment. These steady-state values have been previously calculated by the rregram.
This approach will minimize transient dynamic effects. In these cases, input vaiues for the
remaining PHID(K) as well as all of the TENI(K) may be arbitrary, e.g .

9. For SYDI > 360., the program sets the initial value for buoy inclination ¢ equal to the
steady-state value of {, which has previously been calculated by the program. This will tend

to minimize transient dynamic motions of the surface body.

PROGRAM STORAGE AND TIME REQUIREMENTS

On the CDC 6700 currently in use at the Center, the program requires : memory of
approximately 47,200 octal words to joad and 33,700 octal words to execute. Compilation
time is approximately 23 seconds. Execution time for a particular case depends on 2 large
number of factors, the most important of which include the tension-strain relation of the
cable, the number of cable nodes, the frequencies of the exciting surfaoe\\}é\res and the
prescribed surface motion (if any), and the amount of time over which the dynamic motions
are desired. Table 2 shows the computer execution time ET and cost for all of the sample

problems presented in the following chapter. A computer priority (CP) of P2 indicates over-
night priority whereas P3 is the standard daytime priority at the DTNSRDC Computer Center.




TABLE 2 — COMPUTER EXECUTION TIMES AND COST
FOR ALL THE SAMPLE PROBLEMS

) Ll 03 TS Vi Ot

C1 Total
b ET Cost
Prob. NCAB-1  (4.45N) c2 sec cp $
1A 4 2.4 x 10" 1.0 61.7 P2 9.93
18 a4 2.4 x 102 10 57.8 P2 9.56
1c 4 24 x10° 1.0 62.4 P2 9.99
3 1D 4 24 x10* 1.0 85.0 P2 12.00
E 1€ 4 2.4 x 10° 10 250.0° P2 28.00°
1F 4 24x103 05 1000.0° P2 100.00°
16 4 24x10° 20 55.2 P2 8.93
2A 1 2.4 x 103 10 93 P2 5.15
28 2 24 x10° 1.0 25.1 P2 6.60
2C 4 24x103 1.0 62.4 P2 9.99
20 8 2.4 x 103 1.0 180.0° P2 20.00°
2E 15 24 x10° 10 600.0° P2 60.00°
3A 4 2.0x10' 1.0 900** P3 15.00°°
. 4 2.0x10' 1.0 1000°° P3 16.00°°
3C 4 20x10' 1.0 1000** P3 16.00°°
aA 4 82.6 P3 14.27
48 4 74.2 P2 11.10
4C0l. 4 (XXX asee Im.o. P3 16.w.

° Exirapolated to 50 sec of dynamic motion
** Extrapolated to 20 sec of deployment time
*** Six surface wave components
#°** See Figure 11

SAMPLE PROBLEMS

Input cards are listed for the four sample problems presented to illustrate use of the
program. Representative portions of the program output are listed for one of the cases of

Problem 1. but vinly some final results are shown for the other three problems.

PROBLEM 1 — UNIFORM CABLE WITH VARIOUS TENSION-STRAIN RELATIONS

Problem: Compute the dynamic behavior of a cable suspended from an ocean platform in
the presence of a uniform current of 1 knot in the +x-direction for different values of the

elastic constants €, and €, appearing in Equation (47

3%




A t

Case
A

B
C
D
E
F
G

Cl

Ib
(4.45N) C?
24x10 1.0
2.4x10° 1.0
24x10° 1.0
24x 10! 1.0
24x10° 1.0
24x10° 0.5
24x10° U

The fixed surface motion, surface wave, cable. and lower body parametens are as follows:

Surface motion = surface wave:
number of components
frequency
amplitude in x- and y-directions
phase angie

Cable:

{ength

diameter

normal drag coefficien?
tangential drag coefficient
weight in {iuid

mass

reference tension

internal damping coefficient

Lower weight:
weight in fluid
drag area in x-direction
drag area in y-direction
virtual mass in x-direction
virtual mass in y-direction

Fluid density:

i

0.1 ¢ps

10 ft (3.05 m)
0 deg

1000 ft (305 m)

0.2 . (0.508 cm)

14

0.07

0.01 Ib ft (0 140 N m)
0.001 slugs 1t (0.0478 hg/m)
MELNIREPRE N

0

20 tb (89 N)

0.3 f1* (0.0279 m*)

0.3 ft2 19.0279 )

1.0 slugs (14,6 \p)

1.0 slugs (14.6 kg?

1.94 slugs:ft* (1000.6 kg'm*)

Represent the cable by four equal segments. not including the fictitious cable segment

below the lower weight. Dynamic motions are desired tor 4 total of five ¢y cles of the surface

motions. i.e. 50 sec. For the imtial interval »f 10 sec. pnnt out the transient motions every
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0.25 sec. For the final 40 sec, increase the printout interval to 1.0 sec. Let the cable start
frcm rest with the initial angle and tension of each segment equal to the steady-state values.
Solution: The data cards for this problem are listed in Table 3. The cards which are the same
for all the cases are listed at the top of the table. The cards for the title and the elastic
constants C1 and C2. whick differ for each case, are listed at the bottom of the table. The
symbol b denotes a blank in this and subsequent tables which list data cards for the sample
problems. Also, Column 1, 11, 21, 31, 41, 51, 61, and 71 have: been indicated since most of

the data start in these columns.

TABLE 3 — INPUT DATA FOR SAMPLE PROBLEM 1

1 1 21 31 41 51 61 n
Card 1 | bbl
Card 3 | bbi1bblbb5Sbb2bh0
Card 4 | 0
Cad 5 | 100
Card 6 | 100
Cad 7 | O
Card 8 | 100
Card 9 | 01
Card1n | 0.
Card 11 | 1.94 0. 0. -50. 0. 10 10 0.
Card 12 | 10. 0.25 50. 10 -10 0. 99999.
Card 13 | 250. 250. 250. 250.
Card 14 | 0.2 0.2 0.2 0.2
Card 15 14 14 T4 1.4
Card 16 | 0.02 0.02 0.02 0.02
Card 17 | 0.01 0.0t 0.01 0.0t
Card 18 | 0.001 0.001 0.001 0.001
Card 19 | 25. 25 2% 25
Card 22 | O. 0. 0. 0.
Car¢23 | 0. 0. . 20.
Card24 | 0. 0. 0. 03
Card 25 | O. 0. 0. 03
Card 26 | O. 0. 0. 10
Card27 | O. 0. 0. 10
Card28 | O. 10000.
Card29 | 1. 1.




e
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TABLE 3 — (continued)

1 n 21 | 31 a1 51 61 7

Card 30 | 999. 0. 0. 0.
Card31 | 0. 0. 0. 0.
Card32 | 0. 0 0. 0.
Card33 | 0. 0. 0. 0.
Card 2 | bbb PROBLEM 1A, C1 = 24, C2 = 1
Card 20 | 24. 2. 2a. 2.
Card21 | 1 1. 1. 1.
Card 2 | bbb PROBLEM 18, C1 = 240, C2 = 1
Card 20 | 240. 240. 240. 240.
Card 21 1. 1. 1. 1.

Card 2 | bbb PROBLEM 1C, C1 = 2400, C2 = 1
Card20 | 2400.  2400.  2400. 2400
Cad 21 | 1. 1. 1. 1.

Card 2 | bbb PROBLEM 1D, C1 = 24000, C2 = 1
Card 20 | 24000.  24000.  24000.  24000.
Card 21 1. 1. 1. 1.

Card 2 | bbb PROBLEM 1E, C1 = 240000, C2 - 1
Card 20 | 240000. 240000. 240000. 240000
Card 21 1. 1. 1. 1.

Card 2 | bbb PROBLEM 1F. C1 = 2400, C2 = 0.5
Card 20 | 2400.  2400.  2400.  2400.
Card21 | 05 05 0.5 05
Card 2 | bbb PROBLEM 1G. C1 = 2400, C2 = 2
Card20 | 2400. 2600  2400.  2400.
Cad21 | 20 20 2.0 2.0 ]

Table 4 shows the first six and the fast two pages of the computer output tor Problem
ID. The pages whiich have been left out simply contain vutput tor the dy numic motions for
mntermediate time mtervals, Table 4 shows that the first page of the output lists a 1eble of
comversion trom Eaglish to metric units.  The second page Bists the input data. For the
present case of g suspended cable. where the smtial conditions are known at the lower body.
two mtegrations are pertormed for the sted | sstate configuration (see section on Initial Value
Casasd The results of these two mntegraticns are given in the next two pages. The remainder
of the output is a listing ot the dyvnamic displacements, velocities, and accelerations of the
surtace waves, upper cihle point, and cach nade at the presenbed time antervals . The output

divo Ists the angle. angular velocty, tension, strin, and strin rate of cach cable segment.
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Figure 5 shows the tension in the upper cable segment for O < t < 20 tor Cases 1A to
IL, where C1 increases from 2.4 x 10 1b (1.07 x 10? N) to 2.4 x 10° Ib (1.07 x 10® N). As
would be expected, the figure shows that ension tluctuations increase with increasing values
of C1. At the highest value of C1 = 2.4 x 10° 1b (1.07 x 10® N). Figure S shows that the
tension is zero at t = 0.25 sec (i.e.. the cable in slack) and then jumps to 4 value of 89.47 1b
(398.1 N) at t = 0.5 sec. This sudden jump in tension after a slack condition 1s often referred

to as “'snap loading.

of less than 2.5 1b (11.1 N) at the lowest value of C1 = 23~ 101b(1.07\ 10° N).

At the other extreme, the tension shows a peak-to-trough fluctuation

70
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40

TENSION {(LB)
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Figure 5 — Tension in Upper Cable Segment
for Various Values of Cl

Table 2 indicates that the computer execution time remans at approxtmately 60 sec tor
Cases TA, 1B, and 1C £ 7 which €1 < 2.4 x 107 1b (1.07 7 10* No. At hugher values of CI.
Cases 1D and 1E. execution time increases with increasing Clo Execution time also increases
with decreasing values of C2, Case 1F. The reasons tor these mcreases may be most

comveniently explained by conmidering Equation 193 which shows that tor a given value of

30
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(T-T,) ¢ decreases with increasing values of C1 and decreasing values ot C2. Small values
of €, in turn, mean that the x- and y-displacements must be calculated with greater precision,

leading to smaller integration time steps.

PROBLEM 2 — UNIFORM CABLE REPRESENTED BY VARIOUS NUMBERS OF SEGMENTS

Problem: Solve Problem 1D with the single exception of representing the cable by the following
number of nodes. NCAB-1: 1. 2. 4. 8. and 15. Cousider the nodes to be equally spaced.
Solution: The data cards for this problem are listed in Table 5. Curds 1 and 4 to 12, which are
identical to those for Problem 1D. are omitted. Also omiited are Cards 14 to 33 which are simi-

lar to those for Problem 1D with the exception that the number of entnies depends on NCAB.

TABLE 5 — INPUT DATA FOR SAMPLE PROBLEM 2

1 n Q 31 L] 51 61 n
Card 2 | bbb PROBLEM 2A, NCAB-1 = 1
Card 3 | bblbblbb2bb2
Card 13 | 1000.
Card 2 | bbb PROBLEM 2B, NCAB-1 = 2

Card 3 | bblbblbb3bb2

Card 13 | 500. 500.

Card 2 | bbb PROBLEM 2C, NCAB-1 = 4

Card 3 | bblbblbb5bb2

Card 13 | 250. 250. 250. 250.

Card 2 | bbb PROBLEM 2D, NCAB-1 = 8

Card 3 | bblbblbb3bb2

Card 13 | 125. 125. 125. 125. 125. 125. 125. 125.
Card 13 | bbb

Card 2 | bbb PROBLEM 2E, NCAB-1
Card 3 | bblbbib16bb2

Card 13 | 66 667 66.667 66 667 66.667 66.667 66.667 66.667 66.667
Card 13 | 66.667 66.667 66.667 66.667 66.667 6€.667 66.667

i5

Figure 6 shows how the steady-state location of the lower weight varies with NCAB-1
The vesults are poor tor NCAB-! < 2, good for NCAB-1 = 4, and converged for NCAB-1 > X
Figure 7 shows the veloctties X and v of the tower unit at t = 4 and 10 for various values

of NCAB-1. The results suggest that a minimum ot tour nodes 1s required to obtam manimum
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Figure 6 — Steady-State Location of Lower Weight
for Various Numbers of Nodes
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Figure 7 ~ Velocity of Lower Weight for
Various Numbers of Nodes




velocities with accuracies to within 10- 20 percent. The magnitudes of the computed
velocities generally increase with increasing number of nodes.

Table 2 shows the manner in which the computer exccution time ET increases with the

T T I T N TTTE T TN T :wuﬂ;ﬂu
o

number of nodes. The execution times are approximately proportional to NCAB square

TV

ET o« (NCAB)?2 (36)

TIPTOFN T

PROBLEM 3 - DEPLOYMENT OF SUSPENDED CABLE IN CIRCULATING
WATER CHANNEL

Problem: Compute the deployment of an initially vertical cable, suspended in the DTNSRDC
Circulating Water Channel, to its final steady-state configuration in the presence of channel
flow speeds of 1. 2, und 4 knots (0.515, 1.03, 2.06 m/s). The fixed cable and lower body

parameters are as follows:

T R R T F T R T TO T R T e U XY 7

Cable:
3 length 12 ft (3.66 m)
: diameter 0.12 in. (0.305 cm)
5 normal drag coefficient 1.4
; tangential drag coefficient 0.02
: weight in fluid 0
mass 0.0002 stugs/ft (0.00957 kg/m)
reference tension 21 (89 N)
¢, 201b (89. N)
G, 1.
internal dumping coefficient 0.

Lower weight:

weight in fluid 2Ib(8IN)
drag area in x-direction 0.05 ft? (0.00465 m?)
drag area n y-direction 0.05 fi? (0.00465 m*)
virtual mass in x-direction 0.1 slugs {1.46 kg)
virtual mass in y-direction 0.1 slugs (1.46 k&)
Fluid density: 1.94 slugs/tt} (1000.6 kg/m*)

Represent the cable by four cqual segments. not indiuding the fictitious cable segment
below the lower weight. Take the total time interval to be 20 sec. For the inmitial inteinval of
I sec. printout of the transient cable configuration is desired every 0.1 sec. For the final 19
sce. ncrease the printout interval to 0.2 sec.  Let the system start from rest with the nitl

tension in cach cable segment equal to 2 1b {R.9 N).
53




Solution: The data cards for this problem are listed in Table 6. The cards which are the
same for all the cases zrc listed at the top of the table. The cards for the title and the current

magnitude which differ for each case are listed at the bottom of the table.

TABLE 6 — INPUT DATA FOR SAMPLE PROBLEM 3

1 11 21 3 41 51 61 7
Card 1 | bbl
Card 3 | bblbbibb5Sbb2
Car¢ 4 | 0.1
Card 5| O
Card 6 | O.
Card 7 | O.
Card 8 | O.
Card 9 | 0.1
Card 10 | O.
Card 11 | 1.94 0. 0. -15. 0. 10 10 0.
Card 12 | 1. 0.1 20. 0.2 -1 0. 99999.
Card 13 | 3. 3 3 3
Card 14 | 0.12 0.12 0.12 0.12
Card 15 1.4 t4 1.4 14
Card 16 | 0.02 0.02 6.02 0.02
Card 17 | O. 0. Q. 0.
Card 18 | 0.0002 0.0002 0.0002 0.0002
Card 19 | 2. 2 2. 2
Card 20 | 20. 20. 20. 20.
Card 21 | 1.0 1.0 1.0 1.0
Card22 | O. 0. 0 0.
Card23 | O. 0. 0. 2.
Card24 | O. 0. 0. 0.05
Card 25 | O. 0. 0 0.05
Card26 | O. 0. 0 0.1
Card 27 | O. 0 0 0.1
Card28 | 0. 100.
Card 30 | O. 0. i 0. 0
Card 3% | 2. 2 2. 2
Card32 | 0. . 0. 0
Card33 | O. 0. 0. 0
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TABLE 6 ~ (continued)

W ERATEIT R OR CRRT S T S g ’:‘rﬂﬂ“
-

1 11 ya) N 41 51 61 n
Card 2 | bbb PROBLEM 3A, V = 1 KNOT

: Card29 | 190 1.0
Card 2 | bbb PROBLEM 3B, V = 2 KNOTS
! Card29 | 2.0 20
: Card 2 | bbb PROBLEM 3C, V = 4 KNOTS
Card29 | 4.0 4.0
-9 —
£
;
E_ Figures K, 9, and 10 show the configuration of the cable nodes at various times during
F deployment for currents of 1. 2. and 4 knots (0.515. 1.03. 2.06 m/s), respectively. These
4 - ) . . .
: figures show that approximately X sec are required to reach the steady-state configuration.
x ET) X (FT)
4 0 1 2 3 4 5 6 0 1 2 3 4 5 6 7 8
3 T T T— 1T T Y T T T 7
>
3 1 ~ 1 X < EXACT STEADY STATE |
E X » EXACT STEADY STATE CONFIGURATION
3 CONFIGURATION
3 2 ~ 2 - -
E
3 3¢ — 3:?— —
; 4 - 4} -
1
. 5 - s —
3
; J
] _ 6 . .
3 £ ' = 60
;‘ > 7 — > 7+ -
; 8 . 8 - .

90~ . 99 -

10 ~ 10 - \ 12815

11 —~4 1T )} e d =

18,15 l tl P17
12<J) o \ — 124L a -
Ve 2 Ay 1v05
t:06
13 i i i i i3 1 ! i i 1 | i
Figure 8 — Configuration ¢f Nodes at Figure 9 — Configuration of Nodes at
Various Times daring Deployment. Various Times during Deployment.
C =1 Kaot C = X Knets
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Figure 10 — Configuration of Nodes at Various Times
during Deployment. C = 4 Knots

tn ail three cases, the final deployed configuration modcled by the four nodes was in close
iprecment with the exact configuration calculated by using the differential equations (1) to
(3r b of interest to note that because of its large inertia, the lower weight characteristically
{aps during the initial instants of deployment.

Lable 2 shows that the computer exccution time for & total of 20 sec of deployment

tume. which is well in excess of the 8 sec required to reach the steady-state configuration, is

sppronnutely 100 sec.

PROBLEM 4 - COMPLETE MOORED BUOY-CABLE-BODY SYSTEM

Broblem: Compute the dynamic metions for the moored buoy-cable-body system, with

paiuncters as shown in Table 7.




i" TABLE 7 — PARAMETERS FOR MOORED BUOY-CABLE-BODY SYSTEM
;’ 5 ——+= Wind Load 4.51b (20.03 N)
;
1 ‘ 48 {1.46ml v?:c =377 (1.13m)
A
E Flud density = 1.99 slugs/ft3 (1026 kg/m3)
A
, L, =900 ft (274.5m) Spheroidal Surface Buoy
" Waterplane radius 0.53 11 (0.162 m)
Cable 1 Draft 5.3 f (1.62 m)
2 Weight in air 38 1b (169.1 N)
Moment of inertia 1.8 slug 2 (2.44 kg m?)
Body 1 Submerged x-dragarea  3.15 ft (0.293 m%;
Submerged y-drag area 0 22 112 (0.020 m?)
1500 1 (457.5 m)
Body 1 Body 2 Body3
L, = 900 ft (274.5 m) Weight in fluid, Ib (4.45 N) -40.0 10.0 15.0
x-drag area, f12 (0.0929 m?) 044 018 070
Cable 1 y-drag area, ft* {0.0929 m?) 0.44 195  0.08
x-virtual mass, slugs (14.6 kg) 0.73 0.55 1.92
Body 2 y-virtual mass, slugs {14.6 kg) 0.73 2.75 1.35
L, =500 ft
(1525 m)  Cable 2
Body 3 Cable 1 Cable 2
Diameter, in. (2.54 cm) 0.1% n.25
('é?; :30 f Cable 2 Norma! drag coefficient 14 14
77_!! 777%77_ Tangential drag coefficient 0.02 0.02
Weight in fluid, Ib/ft (14.6 N/m} 0.04 0.02
Mass, slugs/ft (47.84 kg/m) 0.0015 0.0013
Reference tension, 1b (4.45 N} 0. 100.
C; Ib{4.45N) 22.000. 1,600.
c, 1.0 1.5
Internal damping coefficient, 0. 0.
Ib sec (4.45 N sec)
Current Profile: Depth Current
(1) {knots)
{0.305 m) {0.515 m/s)
0. 250
500. 1.30
10C0. 0.50
1500. 0.50
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The upper bedy is a buoyancy bag, the middle body is a damping disk, and the lower body

is an acoustic unit. Consider the following three cases:
Case A. Use the formulation contained in the program for a spheroidal buoy. Let the surface
3 wave be composed of a single component with frequency = 0.1 ¢ps, amplitude = 7.5 ft
: (2.29 m), and phase = 0 degrees.
r Case B. Same as Case A except that the buuy is read in as a spar buoy. modeled by 11
cross-sectional areas as a function of depth from 0 to 5.3 ft (1.62 m).
Case C. Suame as Case A except that the surface wave amplitudes are to be calculated by
using the Pierson-Moskowitz sea spectrum for six components. Take the significant wave
S height as 15 ft (4.58 m), the range of frequencies from 0.04 to 0.28 cps. and the phase of
S the lowest frequency component equal to -60 deg.

g For all three cases. model the cable by 4 nodes. with three of them corresponding to
i 3 the three intermediate bodies and the extra node 200 ft of cable below the surface buoy.
Compute the dynamic motions for S0 sec. For the mitial 10 sec, print out the dynamic
motions every 0.1 sec. For the final 40 sec, increase the printout interval to 0.5 sec. Let
the system start from rest with the initiaf angle and tension of each segment equal to the
steady-state values. Let the initial x-displacement of the buoy center of gravity be 7.5 ft
(2.29 m).
Sotution: The data cards for this problem are listed in Table 8. Again, cards which are the
same for all the cases are listed at the top of the tuble. The cards for the utle surface buoy.,
' and surface waves, which differ for each case. are listed at the bottom of the table.

Figure 11 shows the pitch angle ¢ of the surface buoy for alt three cases for

'; " 20 <t € 40. Perhaps the prinaipat feature 1s the companson of the resulr for the same
! surtace buoy treated as a spheroidal buoy and as a spar buoy. The figure shows that when
‘i. the spheroidal buoy formulstion was used. pitch resuits vere about 1 to 2 deg higher than
N those obtained from the spar buoy tormulaticn. This discrepency is due to the difterence in
. the added snertia terms for the twa formalations (compare Equations (273, (281, (32 and
y Table Tt

: ‘ The figure also shows that results for the single frequency cases A and 4% exhuibat
1 \"' pericdic hehiavior with a period of 10 sec: the resuits for the multifreanency cise 4C show a
‘ more random behavior.

Table 2 shaws that the exccution times for the singie-frequency cases 4A and 4B were
approximately 80 sec. This ime was increased to 108 sec for Case 4C. where the program

must calculate six componenis to obtain the surface wave.
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TABLE 8 — INPUT DATA FOR SAMPLE PROBLEM 4

1 1 2 N 41 51 61 7
Card 1 bb1
Card 11 | 1.99 0. 45 -100. 3.15 10 1.0 0
Card 12 | 10. 0.1 50. 05 1.0 0. 99939.
Card 13 | 200. 700. 900. 500. 200.
Card 14 | 0.15 0.15 0.15 0.25 0.25
Card 15 14 14 14 14 1.4
Card 16 | 0.02 0.02 0.02 0.02 0.0z
Card 17 | 0.04 0.04 0.04 0.02 0.02
Card 18 | 0.0015 | 0.0015 0.0615 | 0.0013 0.0013
Card 19 | O. 0. 0. 100. 100.
Card 20 | 22000. 22000. 22000. 1670, 1600.
Card21 | 1.0 1.0 1.0 1.5 1.5
Card22 | 0. 0. 0. 0. 0.
Card23 | O. ~40. 10. 15. 0.
Card 24 | 0. 0.44 0.18 0.70 0.
Card25 | O. 0.44 1.95 0.08 0.
Card 26 | 0. 0.73 0.55 1.92 0.
Card 27 | O. 0.73 2.75 1.35 0.
Card28 | 0. 500. 1000. 1500.
Card 29 | 2.50 1.30 0.50 0.50
Card 30 | 9993 0. 0. 0. 0.
Card31 | 0. 0. 0. 0. 0.
Card32 | 0. 0. 0. 0. 0.
Card33 | 0. 0. 0. 0. 0.
Card 34 | 0.22 38. -48 0. 1.6 37 18
Card35 | 75 0. 999. 0. 0. 0.
Card 2 | bbb PROBLEM 4A, SPHEROIDAL BUOY, SINGLE WAVE FREQUENCY
Card 3 | bblbblbb5bb4bb2
Card 4 | 3500.
Card 5 | 053
Card 6 | 63
Card 7 | O.
Card 8 | 75
Card 9 | 0.1
Card 10 | O.




TABLE 8 -~ (continued)

1 1 3| 31 41 51 s "-71_—ﬂ
Card 2 | bbb PROBLEM 48, SPAR BUQY, SINGLE WAVE FREQUENCY
Card 3 | b1ibb1bb5bb4bb2
Card 4 | 2700.
Card 4
Card 5 | 0.883 0.852 0.812 0.757 1.687 0.600 0.498 0.380
Card 5 | 0.247 0.097 0.
Card 6 | O. 1.0 1.5 20 25 30 35 40
Card 6 | 45 5.0 5.3
Card 7 | O.
Card 7 | O.
Card 8 | 75
Card 9 | 041
Card 10 | O.
Card 2 | bbb PROBLEM 4C, SPHEROIDAL BUOV, SIX WAVE FREQUENC!GS
Card 3 | bblbb6bbSbb4bb2
Card 4 | 3500.
Card 5 | 0.53
Card 6 | 5.3
Card 7 | O
Card 8 | 1015.
Card G | 0.04 0.28
Card 10 | -60.
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Figure 11 — Pitch of Surface Buoy
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